A B S T R A C T Homozygous thalassemia is due to inherited unbalanced synthesis of the a-or P-chains of hemoglobin. Clinical severity may be in part related to the extent of a: P imbalance. Two families are presented that illustrate this concept. Thalassemia in these individuals was evaluated by clinical and genetic criteria. The relative rates of a-and A-chain synthesis in their reticulocytes were estimated by the extent of incorporation of 1-leucine-U-"C into the chains. Unusual combinations of clinical and hematological data and biosynthetic ratios were obtained in certain individuals which indicated the presence of combinations of a-and P-thalassemia genes. The propositus of the first family had mild Cooley's anemia and was believed to have one a-as well as two P-thalassemia genes. Presumably the a-thalassemia gene interfered with a-chain production which lead to less accumulation of a-chains and a reduced rate of intramedullary and peripheral hemolysis. In the second family two individuals were believed to have an a-thalassemia, a "silent carrier," and a P-thalassemia gene. Despite the fact that they appeared to have the genotype of hemoglobin H disease, their cells contained no hemoglobin H and had a normal lifespan presumably because excess P-chain production was inhibited by the P-thalessemia gene. These family studies suggest that the a: P imbalance observed in thalassemia may be favorably influenced by combinations of a-and P-thalassemia genes.
INTRODUCTION
In thalassemia, there is a defect in the synthesis of the normal polypeptide chains of human hemoglobins This work was presented in part at the Eastern Section Meeting of the American Federation for Clinical Research in Boston, Mass., 6 December 1968 and at the National Meeting of the American Federation for Clinical Research in Atlantic City, N. J., 4 May 1969.
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(1, 2). In the majority of cases, either the a-or the P-chain is primarily affected (3) (4) (5) (6) resulting in the accumulation of the unaffected chains in the erythroid cells. In homozygous P-thalassemia, the highly unstable a-chains precipitate to form inclusions, found most abundantly in the bone marrow and in the peripheral blood after splenectomy (7) (8) (9) . In hemoglobin H disease, the precipitated P-chains can be demonstrated in the peripheral blood and bone marrow (9) (10) (11) (12) . The destruction of the erythroid cells in both disorders is believed to be related to these inclusions, which impinge on the red cell membrane, increase cation permeability (13) , and also render the cell more liable to be trapped in the reticuloendothelial system of the spleen and other organs (9, (14) (15) (16) . Inclusions of other precipitable hemoglobins have similar effects (17) .
If the extent of inclusion formation in thalassemia is related to the degree of globin chain imbalance, a decrease in this imbalance will be expected to produce a milder disease. In P-thalassemia, such a decrease in imbalance could occur in the following three ways: less inhibition of P-chain production due to a milder P-thalassemia gene; an increase in '-ychain production (18, 19) ; or a decrease in a-chain production. In a-thalassemia a decrease in imbalance could occur because of a mild a-thalassemia gene (6) or the presence of a P-thalassemia gene.
This paper describes cases of mild thalassemia in which the combination of genetic, hematological, and chain labeling data suggests that both a-and P-thalassemia genes were present. We propose that the interaction of these genes in certain members of these families produced a decrease in globin chain imbalance and amelioration of their clinical disease. (21) . The hematological studies in this family are also summarized in Table I .
METHODS Patients
Seven patients with the severe form of homozygous ,f-thalassemia requiring blood transfusion every 6-9 wk, and 14 fl-thalassemia heterozygotes who were the parents of such patients were also studied.
Experimental
Blood counts were determined by routine methods (22) and by the use of a Coulter Model S automatic cell counter.' 'Coulter Electronics, Hialeah, Fla.
Bone marrow aspirations were obtained from the iliac crest.
Hemoglobin A3 was determined by electrophoresis on agarose.2 Hemoglobin F was measured by the method of Singer, Chernoff, and Singer (23) . Globin chain synthesis in blood or bone marrow was measured by the incubation of the heparinized sample with 1-leucine-U-"C. The chains were separated on carboxymethyl cellulose columns using a gradient elution with a buffer containing 8 M urea and increasing concentrations of sodium phosphatae at pH 6.7 (24) . The relative rates of synthesis of a-and fl-chains were expressed by the fl/a ratio. In the cases of homozygous fl-thalassemia, this ratio was derived from the quotient of the total cpm in the entire fraction of ,8-chain divided by the total cpm in the entire fraction of a-chain. A similar method was described by Bank and Marks (5) . This quotient theoretically provided an accurate estimate of relative a-and fi-chain synthesis in this condition and was independent of variations in unlabeled pool size. In the studies of heterozygotes where the count rates were low and the pool sizes were equal, we preferred to compute the f8/a specific activity ratios of the tubes which contained the peaks of the fractions because the count rates were higher and the purity was maximal. Such considerations were important in samples in which relatively few reticulocytes were present and the incor2Boenisch, T., C. A. Alper, and P. S. Gerald. 1969.
Quantitative hemoglobin electrophoresis in agarose gel. Submitted for publication. poration of labeled leucine into hemoglobin was relatively low (6) . The reproducibility of this method is shown in Table II . In one patient (I4) of family C bone marrow was aspirated from the iliac crest into a heparinized syringe. The marrow and a simultaneously obtained peripheral blood sample were treated exactly as described above. Identical amounts of marrow and peripheral blood globin were chromatographed.
RESULTS
In family C (Table I) , the propositus had mild Cooley's anemia with 40% fetal hemoglobin. His parents (I-4, I-5), one uncle (I-2), his sister (II-5), and all four of his children (III-[1-4]) had P-thalassemia trait as evidenced by low mean corpuscular volumes (MCV) and mean corpuscular hemoglobins (MCH) and elevated hemoglobin At levels. The hemoglobin F levels were either normal or slightly elevated in these family members. The patient's wife (II-1), two of his uncles (I-1, I-3), and his two brothers (II-3, 4) were normal.
In family L, both parents were at the very least heterozygous for a-thalassemia since they produced an hydropic infant (25) and had hypochromia and microcytosis. In addition, we assume that the father also carried a fl-thalassemia gene because he had an elevated hemoglobin A2 level (2, (26) (27) (28) (29) . Similarly, all the living children who were examined carried the f8-thalassemia gene. The presence of the a-thalassemia gene could not be established in the children using these clinical and genetic data. It is interesting to point out that the red cells of two members of this family (I-1 and II-1) were extremely hypochromic and microcytic. Their MCV and MCH were considerably lower than the values observed in ordinary a-or f-thalassemia heterozygotes and were even lower than the values observed in hemoglobin H disease (Table III) . Table IV presents the f/a ratios found after incubation of blood samples of normal individuals and patients with the two forms of a-thalassemia trait. These data were obtained in a previous investigation (6 (Table IV) . The chromatogram of his labeled globin is shown in Fig. 1 where it is compared to those of two more severely affected homozygous patients both of whom had significant transfusion requirements. The (/a ratios in these severely affected patients were 0 and 0.2 respectively. The significance of these differences is discussed below. In family L. 1-2, the wife of the propositus and the mother of the hydropic infant had a (3/a ratio of 1.33 compatible with the clinical diagnosis of a-thalassemia trait. The findings in the other family members were unexpected. The father, who was presumed to be doubly heterozygous for a-and (8-thalassemia genes, had a ratio The results of simultaneous incubations of the bone marrow and peripheral blood of the father (I-4) of the propositus in family C are shown in Table V . The specific radioactivity was 20 times higher in the a-and (-chains of marrow than in peripheral blood, but the ,8/a ratios were not significantly different and approached unity in both samples.
DISCUSSION
The development of chromatographic methods for separation of the a-and (3-chain of human hemoglobin (24, 31) made possible the biochemical evaluation of globin synthesis in (-thalassemia by Bank and coworkers (5, 30), Weatherall, Clegg, and Naughton (4), Heywood, Karon, and Weissman (3), and Weissman, Jeffries, and Karon (32) . More recently it has been possible to utilize these methods to establish two forms of a-thalassemia genes which account for the four types of a-thalassemia (6). The Clegg method (4, 24) is reproducible and accurate. Studies of (3/a ratios perfotmed on a single patient on different occasions produce very similar results (Table II) . For this reason it has been possible to apply this technique in the family studies presented here in an attempt to evaluate the presence of interacting thalassemia genes. That such interacting genes may be present in these families is based upon clinical data as well as on the (3/a ratios. In family C. the inheritance of the f-thalassemia gene appeared to follow the usual pattern (Fig. 2) FIGuRE 2 Pedigrees of family C and family L. The inserted key defines the genotype. The numbers above the symbols represent the per cent of hemoglobin A2 and the numbers below the symbols represent the mean f8/a ratios.
We conclude that in the five individuals in the C family who have P-thalassemia by clinical criteria, the fl/a ratios of unity are best explained by the presence of an additional abnormality, an a-thalassemia gene. Abnormalities of a-and f-chain production cannot be directly determined by incubation of peripheral blood with labeled amino acids because the rate of labeling is closely related to cell age.' Therefore, the P/a ratios as well as the clinical data are required to reach this conclusion. Additional support for this conclusion would have been gained had a family member with isolated a-thalassemia been observed, but the patients with purported a-thalassemia all had an associated P-thalassemia gene as reflected by the hemoglobin A2 concentration. If the propositus' father and two of his children carried the a-thalassemia gene, and his wife was normal, the propositus himself must also have harbored this gene. ' Kan, Y. W., and D. G. Nathan. Unpublished observations. On the basis of this reasoning, his genotype must be a-, fi-, f-thalassemia. This conclusion was supported by his f/a ratio of 0.45, a value much higher than those values obtained in patients with ordinary homozygous f-thalassemia (Table IV) .
In family L (Fig. 2) , the wife of the propositus (I-2) had a-thalassemia trait established by clinical criteria and measurement of the f/a ratio (Table IV) (6) . Subject II-2, who had an elevated hemoglobin As level and a f8/a ratio of 1 was, therefore, doubly heterozygous for a-and f-thalassemia (vide supra). On the other hand, the propositus (I-1), who was also clinically defined as a double heterozygote for a-and f-thalassemia, had a fl/a ratio of 1.23 when the expected ratio was 1. The technique was sufficiently reproducible and sensitive (Tables II and IV) to a lower rate of a-chain production than is ordinarily observed in a-, f-thalassemia. A higher rate of f-chain production could be due to an unusually mild P-thalassemia gene. If this were present, the patient's red cell indices would be expected to be no lower than the values observed in patients doubly heterozygous for a-and fi-thalassemia. However, his MCV of 55 A' and MCH of 15 iAg (Table I) were lower than 2 SD below the means of these indices in a large group of patients with a-thalassemia trait; fi-thalassemia trait; and a-, f--thalassemia trait (Table III) , and he was not iron deficient. The exceptionally low indices do not favor the presence of a weak P-thalassemia gene but they do support the presence of an additional a-thalassemia gene which would also explain the increased ratio. The additional gene could not be an ordinary a-thalassemia gene because homozygosity for the usual a-thalassemia genes results in the complete suppression of a-chain synthesis and death from hydrops fetalis (21, 22, 25, 34) . It could be due, however, to the additional presence of a milder a-thalassemia gene such as that previously defined as the "silent carrier gene" of hemoglobin H disease (6) . Therefore, we believe that the clinical findings and fl/a ratio in this individual indicate the presence of the three following thalassemia genes: an a-thalassemia, a "silent carrier," and a P-thalassemia gene. The same genotype can be assigned to II-1, whose findings are identical with those of her father. In II-4, the f/a ratio of 0.68 is higher than 2 SD above the mean found in a group of patients with 8-thalassemia trait (Table III) . The additional inheritance of a "silent carrier gene" together with a P-thalassemia gene would elevate the f/a ratio. Indeed, if the father had both an a-thalassemia gene and a "silent carrier gene," and if they are either allelic or closely linked (35) , the inheritance of an abnormal a-gene by II-4 would be inevitable.
In the propositus of family C, the presence of an a-thalassemia gene could have contributed to amelioration of the clinical severity of his homozygous P-thalassemia because excess a-chain production is directly related to inclusion formation (9) and to the rate of destruction of red cells in the #-thalassemia syndromes (36) . Fig. 1 illustrates how the extent of chain imbalance was affected. In this figure, globin chain synthesis in the propositus (panel I) is compared to that of two f-thalassemia homozygotes who required frequent blood transfusions (panels II and III). Integration of the areas under the radioactivity curves show that the amount of excess a-chain production relative to the sum of the production of P-and v-chains in the propositus is much less than the a-radioactivity excess observed in the blood of the severely affected patients. Had the patient shown in panel II inherited an a-thalassemia gene, his P/a ratio and perhaps his clinical status would have approached that of the propositus. On the other hand, the patient shown in panel III produced no f-chains at all. His f/a ratio could not be altered by a decrease in a-chain production, but such a decrease would still result in less excess a-chains and, hence, less erythroid cell destruction (36) .
In family L, the presence of a f8-thalassemia gene in two individuals who may also have had the genotype of hemoglobin H disease (6) resulted in a syndrome which was clinically almost indistinguishable from the heterozygous state except for severe hypochromia. Unlike patients with hemoglobin H disease, these individuals had no excess precipitated hemoglobin and the survival of their red cells in the circulation was normal. These data lend support to the contention that hemolysis in thalassemia is related to the accumulation of uncombined globin subunits (5, 9) . The suppression of chain synthesis per se which results in hypochromia and microcytosis of the red cells is apparently not responsible for the severe hemolysis in this disease.
The conclusions presented in this report are based upon several different kinds of data. Morphology, hemoglobin electrophoresis, family relationships, and biosynthetic studies have been combined in an effort to provide the most reasonable interpretations. Viewed as a whole, the evidence strongly suggests that three thalassemia genes may combine in one individual to produce a relatively mild form of the disease.
